Abstract-This paper presents a real-time Signal-to-Noise Ratio (SNR) estimation performed by the distribution level phasor measurement unit, Universal Grid Analyzer (UGA). The hardware and software architectures of the UGA are discussed followed by the introduction of SNR estimation algorithm. To verify the effectiveness of both SNR estimation algorithm and its implementation, a real world test bench is set up in the laboratory.
INTRODUCTION
Application of phasor measurement units (PMUs) has been widely accepted in power systems for wide area monitoring, protection, and control. Some applications include state estimation, event detection, oscillations studies and fault detection. However, due to high installation and maintenance cost, they are usually installed at the transmission level [1] . Thus, for the purpose of wide area observability, a low-cost FNET/GridEye frequency measurement network has been developed at the distribution level. The FNET/GridEye provides a highly accurate, low cost, single phase, GPSsynchronized, distribution level PMU known as Frequency Disturbance Recorder (FDR) [1] - [7] . The measurements from FDRs are sent to the servers housed at the University of Tennessee, Knoxville (UTK) via the internet using IEEE C37.118.2011 (IEEEC37) communication protocol. More than 300 FDRs have been deployed all over the world [1] . The Universal Grid Analyzer (UGA) is an upgraded version of the FDR which performs synchro-phasor measurements with a higher accuracy and reporting rate [8] . In addition, due to the higher calculation ability, UGAs have the possibility to provide real-time power quality assessment.
The UGA operates at 120V, 60Hz or 220V, 50Hz distribution outlets. In addition to measuring single phase voltage magnitude, phase angle and frequency, it also possesses power quality measurement features such as harmonics, voltage sag and swell and Signal-to-Noise Ratio (SNR) measurements. This paper mainly focuses on the realtime SNR estimation by UGA operating at 120V, 60 Hz signal with the reporting rate of 10 frames per second.
SNR is defined as the ratio of signal power to noise power. In phasor measurements, the mean of the signal represents the signal power, and the standard deviation of the noise represents the noise power. The SNR knowledge provides the information about the quality of the signal. Higher the SNR better the signal. Thus, SNR is an important tool to determine the intensity of noise in the signal. In the UGA, the sliding window digital median filter has been used to separate the noise from the true signal. Note that the time delay introduced either by the median filter or the overall SNR algorithm has not been considered in this study.
The phasor data obtained from distribution level PMUs helps in wide area monitoring as well as increases the power system operator's situational awareness capability especially with the presence of renewable energy [1] . However, the data collected from distribution system is deeply buried in white noise [9] compared to the transmission system. The noise in the power system is due to the high voltage surges caused by the faults, lightning strikes, welding equipment, electronic loads, large electric motors and solid state converters [10] . Due to the relatively high voltage and few disturbance sources, the transmission system has high SNR compared to the distribution system. The SNR values for transmission system are high as 80 dB to 90 dB whereas for distribution, the values typically ranges between 40 dB to 80 dB. Thus, the synchro-phasor measurement errors due to noise is high in the distribution level PMUs. The errors in the measurement can be computed if raw data is provided. However, bulky raw data transmission over a network and storage is quite challenging. Thus, real-time SNR measurement can help to provide information regarding synchro-phasor measurement errors in distribution level PMUs and can provide further guideline to design digital filters to improve the measurement accuracy [8] . Also, the real-time SNR estimation can help to detect and diagnose potential equipment problems in power systems more precisely than raw voltage measurement [11] .
The real-time SNR estimation algorithm used in the UGA is derived from [9] . In [9] , the voltage magnitude, current magnitude and frequency signals are extracted from the field PMUs installed at transmission, primary distribution and secondary distribution systems to characterize and quantify the noise in the different voltage systems. The extracted data are applied to the SNR application tool to output the SNRs in the three different signals at high, medium and low voltage systems. The sliding window median filter has been used to segregate the noise from those PMUs data since the median filter preserves the sharp change in the data and it easily removes the noise from the PMU data which contains slower load variations than the measurement noise. The authors have used different orders of median filter for different datasets based on the trial and error method and the visual verification. The filtered data are then subtracted from original data to obtain noise data. And finally noise statistics and then SNR in dB are calculated. The same method is implemented in the UGA but in real-time.
The paper is organized as follows. Section II talks about the hardware and software architecture of the UGA. Section III presents the SNR algorithm and its implementation in the UGA in detail. The mathematical analysis as well as experimental results are explained in Section IV.
II. HARDWARE AND SOFTWARE ARCHIETECTURE OF UGA
A. Hardware Architecture Fig. 2 shows the functions of the DSP and the ARM respectively. The DSP is responsible for synchronous data sampling [8] . After DSP performs synchro-phasor measurements as well as power quality assessment, the measurement quantities are transferred to the ARM through a Serial Peripheral Interface (SPI). Then, the ARM time stamps the quantities based on Coordinated Universal Time (UTC) obtained from the GPS. The time synchronized data is transmitted to the server through internet. The UGA has different reporting rates such as 10 frames per second (FPS), 30 FPS, 60 FPS and 120 FPS. Due to the limited memory in the DSP, the SNR algorithm is implemented at 10 FPS UGA. 
III. REAL-TIME SNR ALGORITHM AND ITS IMPLEMENTATION
The real-time SNR estimation algorithm used in the UGA is derived from [9] . The authors of [9] have used the different order of sliding window median filters to segregate the noise from the three respective dataset (voltage magnitude, current magnitude, and frequency) extracted from the field PMUs installed at transmission, primary distribution and secondary distribution voltage systems. The filtered data from median filter is then subtracted from the original dataset to obtain noise in the signal. And noise statistics are performed from noise data and SNRs of each dataset at different voltage systems are calculated. The same algorithm is used in the UGA but in real time. The main idea behind the algorithm is to separate noise from the signal, calculate noise and true signal statistics and apply them to the SNR formula in (1).
The UGA is powered by 120 V, 60 Hz input signal from distribution outlets that contains harmonic components as well as the white noise. It is converted into digital data points by ADC and then fed to the SNR algorithm. Fig.3 shows the flowchart of SNR algorithm implemented in the UGA. The SNR window size is the number of voltage data points considered at a time to estimate the SNR. The SNR algorithm resides inside the DSP of the UGA. From the experiment it is found that the maximum size that can be allocated is 285 for SNR window due to the limitation of DSP memory. Also, it is observed that the larger the window size more the accuracy of the SNR algorithm. Thus, the maximum size of 285 is considered for SNR window in the UGA. The experimental result of different SNR window sizes is discussed in Section IV. The SNR algorithm is executed in the UGA once the enough input voltage data, 285 input data points, are stored in SNR window.
The sliding window digital median filter is used to extract the noise from the converted input signal. The sliding window slides entry by entry over the SNR window and replaces each entry with the median of neighboring entries. Since the median filter is a nonlinear digital filter, study of its frequency properties is not generally the best way [12] . Because of the maximum SNR window size, the 5 th order median filter is implemented in the SNR algorithm due to the memory limitation of DSP. The processed data after the filter at time index k, Vf (k) is subtracted from the original data, V(k) to calculate the noise N(k) in the signal, according to (2) .
Then, the standard deviation of noise N and the mean of true signal Vf are calculated and applied to (1) to estimate the SNR in dB. Since the SNR is implemented in the 10 FPS UGA, the UGA reports 10 SNR values per second. Note that the SNR values are updated per SNR window size, i.e., the SNR values will be same for each 285 reporting frames. Also, the SNR estimation is in real-time and the UGA does not record raw data, it is impossible to remove the estimated noise from the 120 V, 60 Hz voltage signal in real-time. The purpose of the algorithm is only to estimate the level of noise in the distribution signal.
IV. RESULTS AND DISCUSSION
To validate the SNR algorithm, first the algorithm is simulated in MATLAB and tested with a known dataset. Once the reliable output has been obtained, the algorithm is implemented in the UGA. The noise output results from the UGA are assessed mathematically to verify the SNR algorithm implementation in the UGA. In [9] , authors have obtained zero mean Gaussian noise with its Probability Mass Function (PMF) following a Gaussian distribution. The authors have also performed the z-test with 5% significance level to verify the distribution and the calculated noise statistics. Z-test is a statistical test for the null hypothesis that the data comes from a normal distribution with a specified mean and deviation [9] . The test resulted in the acceptance of the null hypothesis. Similarly, the same mathematical analysis has been performed on the UGA's real-time results to make sure the implementation of the algorithm and the output results in the UGA are correct. Also, an experimental test bench is prepared to validate the algorithm.
A. Mathematical Analysis
The distribution voltage signal is noisy compared to the transmission voltage signal. Generally, researcher assumes the additive white Gaussian noise with varying level of noise power [9] , [13] - [16] . Thus, the SNR estimated in the UGA is based on the assumption that noise present in the power grid signal is additive white Gaussian. To validate the result of the SNR algorithm in the UGA, the noise data after being separated from 120V, 60Hz input voltage signal using a median filter are plotted in Fig. 4 with its corresponding Probability Mass Function (PMF) in Fig. 5 . As it can be seen in Fig. 5 , the PMF follows the Gaussian distribution with zero mean. The calculated noise mean from the noise data is 2.581×10 -5 which is also approximated to zero. And, to verify the distribution, and the calculated parameter, the z-test is performed with a 5% significance level. The test resulted in the acceptance of the null hypothesis. Therefore, the calculated parameter and the observed distribution of the UGA's noise data are accurate.
B. Experimental Analysis
To verify the SNR output of the UGA, an experimental test is performed. The standard source, Doble F6150 function generator, is used to do the experiment. It can provide very precise GPS-synchronized and relatively noiseless 120 V, 60 Hz voltage signal to the UGA units. It can be programmed by its software named TransWin. Fig. 6 shows the test setup prepared for the real-time SNR measurement by the UGA in FNET/GridEye laboratory at UTK. The UGAs are powered on by the Doble source. They are getting GPS signal through the GPS antenna. The data output by the UGAs are received by the server located at the same lab through the Ethernet cable.
A single phase 60Hz, 120 V voltage waveform is generated in MATLAB and then 20 dB, 40 dB and 60 dB reference additive white noises are added to the waveform respectively. The 30,000 noisy voltage samples are generated and are executed continuously using Doble through TransWin software and are fed to the UGAs.
The distribution system does not only contain noise, it has harmonic components as well. Since the SNR algorithm is in the UGA is simple algorithm and uses simple median filter, it is difficult to filter out the harmonic components from the input signal. That's why the estimated SNR by UGA has influence of the harmonics present in the input signal. In order to see the impact of harmonics, an experiment has been conducted. The 5% magnitude of 5 th order harmonics is added to the single phase 120 V, 60 Hz voltage waveform in MATLAB and the same level of noises (20, 40 and 60 dBs) are injected into the waveform respectively. The generated 30,000 samples are also run through Doble and supplied to the UGA to estimate the SNR. Table I shows the average SNR estimated by the UGA for 2500 data samples using Doble signal, with and without 5 th order harmonics and at different reference noise levels respectively. It indicates that with the injection of harmonic in the input signal the SNR estimation error will be increased. Thus, 5 dB is a good approximation for overall SNR measurement error by the UGA. Similarly, to get the best SNR output the SNR algorithm in the UGA is tested at different SNR windows as shown in Fig.  10 . The UGA is powered on using 120V, 60 Hz distribution outlet signal. From the figure, it can be observed that if the SNR window size increases, the accuracy of SNR is increased but the dynamic property is lost. Thus, there is a trade-off relation between the accuracy and the dynamic property of the SNR. To preserve the accuracy property, the SNR window size of 285 is considered for the implementation. Table II shows the average SNR for 500 voltage samples estimated by the two UGAs using a signal from 120 V, 60Hz distribution outlet and their corresponding SNR ranges respectively. The time window is of 50 seconds. The SNR output of these two UGAs are plotted in Fig. 11 . The SNR value of 60 dB is a good approximation for all the UGAs. Also, the SNR of each UGA ranges from 58 dB to 62 dB approximately for 50 second time window, which falls under the range of 40 dB to 80 dB SNR for the distribution systems. Thus, based on these results it is worth to note that the UGA can estimate the SNR in real-time. In this paper, a real-time SNR estimation by the UGA has been discussed and verified experimentally. The real-time SNR of 60 dB is a good estimation for the UGA. Also, the SNR measurement error by the UGA is nearly 5 dB in realtime. The noise data with its PMF has been presented. The real-time noise sequence has Gaussian distribution with zero mean. The knowledge of SNR is helpful to find out the synchro-phasor measurement errors in distribution level providing the guidelines to design the digital filters. In addition to this, it can provide information about equipment failure or problems in a distribution level power system. Thus, real-time SNR information plays an important role in power quality assessment of the power system. The 20 UGAs operating at 120V, 60Hz with 10 FPS have been deployed to Puerto Rico with the real-time SNR estimation function. The future work of this paper consists of improving the SNR algorithm in order to decrease the SNR estimation error in real-time by the UGA.
